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ABSTRACT 

We use a non-equilibrium chemical network to revisit and study the effect of H2, HD and LiH 
molecular cooling on a primordial element of gas. We paid special attention in the variation of HD 
abundance. We solve both the thermal and chemical equations for a gas element with an initial 
temperature T = lOOOif and a gas number density in the range ritot = 1 ^ IQ^cm^^. These are 
typical propierties of the first halos which formed stars. At low densities, ritot < lO^cm"^, the gas 
reaches temperatures ~ IQQK and the main coolant is H2, but at higher densities, ritot > lO^cm"^, 
the HD molecule dominates the gas temperature evolution and the gas reaches temperatures well 
below lOOi^. The effect of LiH is negligible in all cases. We studied the effect of HD abundance on 
the gas cooling. The HD abundance was set initially to be in the range nHo/fiH = 10^^ — 10^^. 
The simulations show that at ritot > 10^cm~^ the HD cooling dominates the temperature evolution 
for HD abundances greater than IO^^uh- This number decrease at higher densities. Furthermore, 
we studied the effect of electrons and ionized particules on the gas temperature. We followed the gas 
temperature evolution with nn+friH = 10~^ — 10~^. The gas temperature reached lower values at 
high ionization degree because electrons, and Z?+ are catalizers in the formation paths of the H2 
and HD molecules. Finaly, we studied the effect of an OB star, with T^fj = 4 x lO^if, would have 
on gas cooling. It is very difficult for a gas with ritot in the range between 1 — lOOcm^"^ to drop its 
temperature if the star is at a distance less than lOOpc. 

Subject headings: cosmology: early universe - cosmology: theory - galaxies: intergalactic medium - 
atomic processes 



L INTRODUCTION 

In a ACDM Universe, the first luminous objetcs were 
formed due to fall-in of gas i nside the dark matter p o- 



tential wells (for a review see Barkana & Loeb (2001 1). 
In order to let the fall-in of gas inside the dark matter 
potential wells, the gas thermal energy should have been 
radiated away by some physical mechanism. Since the 
primordial molecular clouds would have zero metallic- 
ity, the coUisional excitation of the existing molecules is 
the most plausible mechanism for the cooling of baryonic 
matter in this environment because the coUisional exci- 
tation cooling of both H and He atoms are inefficient 
at temperatures lower than SOOOiiT, which is higher than 
t he temperature of star formation clouds. 



Tegmark et al. ( 1997 1 showed that the first lumious 
objects may have formed at z ~ 30 inside a lO^M© halo 
(Ty r ^ 1000 j^) , which have recen tly been co n firmed 
by [O'Shea k Normanl ([2007]) and |Gao et al.| ([2007| . 
i'egmark et al. ( |1997p also showed that the stars formed 
in this environme nt could be as massives as ~ IOOMq 
dAbel et al.|[2002| . 

After tEe recombination era, the most abundant 
molecule in the Universe is molecular hydrogen H2. De- 
spite of its lo w primordial abundance, ^ 10^^ — 10~*n^f 
( Palla et al.||1983| ), this molecule has a fundamental role 
in the gas cooling at temperatures less than 8000A'. The 
first authors to highlight the role of H2 in this context 
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were |Saslaw fc Zipoy| ( 1967| and [Peebles fc Dicke| ( [1968 1 . 
Saslaw & Zipoy (1967j showed the importance of the 
charge transfer reaction between H^ and H to form H2, 
and Peebles & Dicke (1968) suggested a mechanism to 
form H2 from H^ . 



The H2 molecule forms by the H 
mainly. The reactions 



and HT channels 



H + H+ 
H + e 



H- +j 



are followed by 



+ 



H^ H2 + H 
H- +H H2 + e 



(1) 
(2) 

(3) 
(4) 



Due to its zero dipolar moment only quadrupolar ro- 
tational transitions are allowed, J ^ J ± 2, where J is 
the quantum number for angular momentum; |Abgrall"et 



al. ( |1982| ). Furthermore, due to its small moment of in 
ertia (the smallest one between all molecules) the energy 
gap between its rotational quantum states, Ai?, is large 
compared with other molecules (A_Ej_>j±2 oc 1//, where 
/ is the moment of inertia). The smallest energy gap is 
Ai?2^o ~ SOO-fC. With this energy difference it i s very 
diffucult to reach temperatures below ^ \QQK , (see Palla 
(19991 and references therein). 

I'he HD molecule forms throu g h and D channel 
mainly (see |Dalgarno et al.| ( [l973t ; |Galli fc Palla] ( |2002[ )) 



D+ + H2^H+ + HD, 
D + H2-> H + HD. 



(5) 
(6) 
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HD has a moment of inertia greater than the H2 one. 
Furthermore, it has a finite dipolar moment which al- 
lows internal dipolar trasitions (transitions of the kind 
J J zfc 1) and internal t ransition rates greater than 
in H2, Abgrall et al. ( |1982 |. Due to its small moment 
of inertia, the ditterences Between its energy states are 
smaller than the energy differences of the H2 molecule. 
All these properties make the HD molecule an effi cient 
cooler at low temperatures, below ~ lOOif , (see |Na- 



gakura fc Omukai' (20051; 'Ripamonti' (2 007| ); jMcGreer 



fc jjryan 1 (2008); Palla ( 1999) and references therein, 
'i'he LiH molecule is formed mainly by radiative asso- 
ciation of Li and H and associative detachment of Li~ 



and H ( [Stancil et aL]|1996 l 



Li 

Li- 



H 
H 



■LiH + -f. 
■LiH + 6^^ 



(7) 
(8) 



Moreover, this molecule have both a dipolar moment 
and a moment of inertia larger than the ones of the 
HD molecule. These characteristics could make the LiH 
molecule an efficient cooler at low temperatures, but the 
cooling functions depend on the number density of the 
specie, so if the abundance o f LiH is too low as expected 
in primordial environments ( Stancil et al.|[T996 l its cool- 
ing effect wilTbe negl igible, t'oi a review of Li chemestry 



see 



Bodo (20011 and Bodo et al 



In the work of Galli & Palla 



jgg03 l 



pMf the effect of HD 
and LiH was included on the gas cooling. To calcu- 
late the photo-destruction ratescoefficient, for photoion- 
ization, photodetachment, and photodissociation, they 
assumed detailed balance with CMB photons. But, to 
study the effect of the first stars on the primordial gas we 
need the cross section for each photo-de struction process, 
in the spirit of Glover & Jappsen ( 2007 1 . These cross sec- 
tions are descriBed Below. Uur ciarrent work includes the 
photo-destruction cross sections of both Li and Li~ and 
the photodisociation of LiH (in its rovibrational ground 
state) in contrast to previous work 



We improve over re cent works ( Glover & Jappsen 2007 
Glover fc Abel|[2008 l that have studied primordial cool- 



ing By exploring the effect of the HD abundance and the 
inclusion of a stellar radiation field. This paper is orga- 
nized as follow. In §2 we describe both the thermal and 
chemical model required to follow the evolution of the gas 
temperature. In §3 we present results and discussion. It 
includes the gas temperature evolution as a function of 
gas density and molecular coolers; the gas temperature 
evolution as a function of HD abundance; the tempera- 
ture evolution as a function of the ionization degree and 
finaly we show the effect of a star radiation field on the 
gas temperature. In §4 we present the conclusions. 

2. THERMAL AND CHEMICAL MODEL. 

As argued above, in a realistic cooling model of primor- 
dial gas, it is mandatory to include the molecular coolers. 
The main molecular coolers at low temperatures are H2 , 
HD and LiH. In adition to the previous molecules, the 
model should include the main species created in the pri- 
mordial nuclesynthesis. Our model includes 21 species: 
ff, H+, H-, H2, H+, H+ He, He+, He++, HeH+, 
D, D+, HD, HD+, ''H2D+, Li, Li+ , Li', LiH, LiH+ 
and e~ . The reactions considered for these species are 
described in table[T| [2]and[3j This table does not include 



the formation of H2 by three body reaction because this 
reaction is not relevant at densities studied in this work. 
The cooling processes (see table [s]) considered in this 
work are: 

• CoUisional ionization: the gas loses energy by ion- 
ization of the different species in the environment. 

• Recombination: the gas loses energy by free elec- 
trons capture. 

• CoUisional excitation: the gas loses energy when 
coUisional excited electrons move to the unexcited 
states. 

• Bremsstrahlung: loss of energy due to the radiation 
emited by accelerated electrons. 

• Compton cooling: interchange of energy between 
free electrons and CMB radiation. 

The moleculax cooli ng functions are constructed as in 
Galli fc Fallal ( [T998| . For both H2 and HD molecules 
we adopted the approximate density dependent relation 
for the cooling functions. For LiH we adopted the low 
density limit cooling function. The molecular cooling 
functions are trated as in |Puy et al. | ( |1993| at temper- 
atures near Tcmb- 

The first stars, by definition, formed in an environment 
without previous star. But, once population III stars 
are formed they can photoionize the halos where new 
stars will form. This process is quantified by the fre- 
quency dependent cross section, cr^(j/), of the reaction 
A* -I- 7 — > A^^^ -t- e~, where the specie in the i ion- 
ization state moves to i + 1 ionization state due to the 
interaction with photons. 

The presence of a radiation field triggers a photo- 
destruction rate: 



IRa = 47r 



^a{v)-, — dv, 
nv 



(9) 



where ua is the number density of specie A; iiy) is the 
specific intensity of radiation in the environment and h 
is Planck's constant. The integral is calculated from the 
threshold frequency of ionization, vth, to infinity. 

The heating of the gas due to photoionizations (heat 
in erg/cm^s) is given by 



nyi47r 



<TA{>^)^{h. 



hvth)dv, 



(10) 



where hvth is the threshold energy of ionization. Strictly, 
in the last two expressions i{v) should be multiplied by 
1 — e"'^ , where t — J <TA{v)nAdl is the optycal depth. 
Here we assume t >> 1. For example, H photoioniza- 
tion cross section is ~ 10~ ^^cm^, r is greater than 1 for 
dl > 1 — 10~'*pc. If we take uh in the range 1 — lO'* cm~^. 
This distance is well below the halo scale distance. 
The cross sections, the ionization rates and the heatings 
included in this work arc mentioned in table |5] 
With each one of these functions we can calculate both 
the abundance of all species and the temperature evo- 
lution. The abundance of specie A in the gas evolves 
following the equation 



duA 
dt 



Caa] — riADi^ph, 



(11) 
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where GA,ij = ^ijniUjkficij is the creation rate of specie 
Ahy i and j with kRc,ij the rate coefficient of the reac- 
tion and Di^ph is the destruction rate of specie A by specie 
I, Di = T^imkncAi or by photoionization Dph = km. 
These couppled deferential equations are solved by the 
backward differencing formula, BDF ( [Aninos et al.|1997| ) 
The gas temperature T changes according to 

ot ks "-i 
where 7 is the adiabatic gas index; kg is Boltzmann's 
constant; T is the photoionization heating and A is 
the cooling by the processess mentioned before. In the 
range of both densities and temperatures studied here 
the gas can cool by molecular de-excitation. This is 
valid, i.e, for H2 molecule until densities grater than 
n ^ lO^/x/ZjCTO"'^, with XH2 the H2 fraction, at higher 
densities the molecule reach the LTE. 

3. RESULTS AND DISCUSION. 

We follow the gas temperature for different densities, 
different HD abundances, different ionization conditions 
and different radiation conditions. The abundances rel- 
atives to H at thebegining of the evolution are (from 
GalU & Pallal (|1998|) at « 10 - 20): 71^+ = lO"*, 
10-1'', UH. = 10-3, = 10-l^ 
6 _ in-i8 



10-^,iJ, 



riH ,^^2 

no =4:X 10-5 



= -LU 

ni)+ = 0, uhd = lO-*", nHD+ = 10" 
uh^d^ = 10-l^ UHe^ = He++ = 0, nHeH+ = 10-l^ 
nu = Li+ = 10-10, nL^- = 10-^3, tiuh = IQ-^i 
and ni^iH+ — 10-^^. The H and He densities are 
Ph = O.lbptot and pHe = ^■'^'^Ptot, where ptot is the total 
baryonic matter. 




Fig. 1. — Temperature evolution for an isolated element of gas 
with the initial abundances mentioned in the text. There are four 
diferent values of H density: long dashed line n = lcm~^; short 
dashed line n = 10cm~^; dotted line n = lOOcm"^; solid line 
n = lOOOcm"^. Here, different colors take into account different 
molecular coolers: black line are H2 coolings; red lines are H2 
and HD coolings, and H2, HD and LiH coolings. The diference 
between the curves with LiH and without LiH is neglegible. 

Figure [T] shows the temperature evolution of an 
isolated gas element with initial temperature of lOOOiC. 



There are four different values for H abundance. These 
four cases show that the temperature has a strong 
gas density dependence; a ten times more dense gas 
element cools almost ten times faster in this range of 
density. The LiH cooling seems insignificant at this 
temperatures and densities, whereas the effect of HD 
cooling seems to be important at low temperatures 
when the elements of gas are more dense. In spite of 
the high HD cooling efficiency, the gas element can 
not drop its temperature be lo w the CMB temperatu re 
Oohnson fc Bromml ( |2006[ ); [Yoshida et al.| ( |2007[ )). 
CMB temperature, Tcmb = 2.73(1 -f z), at z = 20 
is Tcmb ~ 57 K. This suggests the IMF of pop III 
stars not depend on the gas metallicity only but on 
the redshift z at which the stars are formed, too. For 
example, if we take the Tcmb as the lowest temperature 
reached by the gas, Mj (20) « 0.5 x Af7(30), with Mj{z) 
the Jeans mass at redshift z. 

In order to know which cooling effect dominates the 
evolution of gas temperature we considered the main 
cooling processess independently through their thermal 
evolution. Figure |2] shows that the cooling of H2, HD, 
LiH -LiH do not appear due to its low value- and 
the total cooling. A, divided by nHnH2 for a gas el- 
ement with fitot = lOOcm-3 and an H2 abundance of 
nH2/nH = 10-3. 



A 



+ 



nHD 



A 



LiH- 



(13) 



nHnH2 ' \ nH2 J '^^ ' \ n^f^ 

The last expresion correspond to the total molecular 
coohng. Here A^ = UHnA^A is the cooling due to the 
excitation of molecule A by an atom. 

This figure shows clearly that in a gas with a num- 
ber density greater than ritot ~ lO^cm-^ the HD 
cooling is similar to H2 cooling at a temperature 
~ lOOK when uhd is greater than IO^^uh- Then, 
with number densities greater than ~ lO^crn-^ the 
HD cooling dominates the thermal evolution and the 
gas temperature can reach values much lower than 
the values reached in a gas with lower densities. This 
behaviour depends strongly on HD abundance, which 
was taken in the range lO-'^ — 10-*" relative to H. At 
high densities the g as needs less HD ab undance to 
drop its temperature. Puy & Signore (p98^ found that 
at high densities an temperatures ~ zOOA' the main 
molecular cooler is HD. This result was confirmed by 



lOmukail (|2000t, ,Uehara fc Inutsuka| (|2000D, [Flower et 



mn mmii 



y2 000| 

^^^^^^ vlagakura fc Umu kai (2005| and KipamonH 
( |2007| and in a simple way with the results of figure [l 
and [2] On the other hand, in order to be an effecient 
cooler LiH should increase its abundance in about ten 
order of magnitude due to its low abundance. This 
increment is too large to be re al. The LiH cooling is 
not important in these cases (see Mizusawa et al. (2005 1). 



Figure [3] shows the gas temperature evolution of an 
ionized gas. This figure shows that a gas with a large 
ionization degree could reach lower temperatures than 
a gas with a small i onizat ion degree, see for example 
|Nagakura fc Omukai (2005 1. This is possible because the 
formation of the molecular coolers, H2 and HD, need 
H^, £)+ and free electrons. The temperature difference 
between the riff+friH = 10-"* and the riff+fuH = 10-^ 
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/n„=10-^ 



(b) 




n„./n„=10 



Fig. 3. — Gas temperature as a function of the ionization degree 
of a gas element with ritot = 100cTn~^. In solid line nu+/nu = 
10~^; long dashed /njj = 10~*. 



n = l[cm ^] 
n=10[cm-3] 
n- 100[cm-=] 
OB star to SOLpc] 
OB sLar lo 100[pc] 
OB star lo 1000[pc 




Fig. 2. — H2 and HD at low temperatures. In panel (a) and 
(b) the gas number density is ntot = 100— lOOOcm"'^, respectively. 
H2 cooling in solid line; HD cooling in dotted line. The diferent 
colors indicate diferent initial HD abundances: nHD/n-H = 10~^ 
in black; nuo/'n-H = 10~® in red; riuD/'n.H = 10~^ in green. 



case is IQQK at 100cm ^. 

Figure [4] shows the effect of an OB star (i?* — 15i?0 
and Tcff = 4 x 10**) radiation field on the gas temper- 
ature at different distances. This figure shows that is 
very difficult for an element of gas to drop its tem- 
perature if there is an OB star at a distance less than 
~ lOOpc due to photo-destructio n of its cooling molecu- 
lar agents, | Yoshida et al. (20071. In other words if in- 
side a halo of ~ K^'Mq a star is born, it is very diffi- 
cult for its surounde d gas reach the n ecesar y conditions 
to form othe r stars (Oh & Haiman (2003); Omukai &; 
Nishi (1999)). The formation of^more than one star 



t/yr 



could be possible if the seed clumps of gas evolve at the 
same time, without radiation feedback between them. 



Fig. 4. — Temperature evolution for a gas radiated by an OB 
star at different distances: 50pc in blue; lOOpc in black; lO^pc in 
red. There are three diferent values of gas density: solid line ntot = 
Icm"''; dotted line ritot = lOcm"^; dashed line ntot = lOOcm"^. 



The case in which the star is at lOOOpc and the gas has 
ritot = lOOcm"'^ present the same evolution of an isolated 
element of gas. 

4. CONCLUSIONS. 

In this work we have developed a model for the temper- 
ature evolution of a primordial gas including 21 different 
chemical species including reaction rates and cross sec- 
tions available in the literature. We have paid careful 
attention to explore the space parameter in abundance, 
specially HD, and to include the LiH to study in detail 
at what abundances the molecular coolants are relevant. 
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The main results are the following: 

1. The HD molecule dominates the gas cooling at 
temperatures below ~ 100 — 200i^ in the range 
of densities 10^ — lO^cm"^ for HD abudances over 
lO^^ri/f. The HD effect is more evident at higher 
densities. 

2. The HH molecule does not have a clear effect on 
the gas cooling. The gas would need an abundance 
at least ten orders of magnitude higher to be an 
efficient cooler, so LiH is ruled out as an important 
cooler in primordial gas (Mizusawa et al., ( ,2005 j ) . 

3. A gas with high ionization degree can drop its tem- 
perature more than a neutral gas because both the 
ionized H and D and electrons are catalizers in the 
formation of H2 and HD cooling molcules. These 
ionization conditions could be presents in post- 
shock wav e s zon es or relic HII regions, [Johnson] 
k. Bromm|(|2006|). 



in the presence of an OB star located closer than 
lOOpc. So, in order to form more than one star 
in a primordial halo the formation of seed clumps 
should almost be instantaneous, otherwise the ra- 
diation feedbak of firs t stars will suppress the star 
formation conditions (Omukai & Nishi (1999])). 



This work, as previos ones, suggests the importance 
of studing the effect firts stars would have on their sor- 
rounding gas in the formation of more than one star 
within primordial halos (see e.g. [Jimenez & Haiman 



4. Is very difficult for a gas to drop its temperature 



(j2b06|). For a more accurate study, we need to follow 
the star formation in a hydrodinamical model, which will 
we present in forthcoming papers. 
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TABLE 1 

Rate coefficents for chemical reactions. 



Reaction rate {cm^/s) 


reaction 


rcf 


Reactions witn xi 






Rf^l A Q7 


£1 -\- c — > £1 ze 




RP9 A Q7 


n ^ c ' n ^ ^ 


\ 


RC3GP98 


iJ + e — » H~ + 7 


40 


RC4GP98 


H + H- ^ H2 + e 


18 


RC5GP98 


H + H+ ^ +-i 


10 


RC6GP98 


+ H ^ H2 + H+ 


15 


RC7GP98 


Hn + H+ Ht + H 


29 


RC8GP98 


H2 + e ^ 2H + e 


35 


RC9A97 


H2 + H ^3H 


20 


RC10A97 


H- + H + 2e 


39 


RC11A97 


H- + H ~*2H + e 


1 


RC12GP98 


H~ +H+ -* 2H 


25 


RC13GP98 


H- + H+ + e 


26 


RC14GP98 


+ e^2H 


30 


RC15A97 


H+ + H- ^ H2 + H 


7 


RC16GP98 


H+ + H2 -> H+ + H 


38 


RC17GP98 


H2 + e ^ H- + H 


31 


RC18GP98 


H+ + H + H2 


33 


RC19GP98 


H+ H2 + H 


37 


RC20GP98 


H2 + H+ ^ H+ +-y 


12 


RC74GA08 


H + H + H^H2 + H 


9 


RC74Inv 


H2 + H^H + H + H 


9 


RC75GA08 


H + H + H2^ H2+H2 


9 


RC75Inv 


H2 + H2-* H + H + H2 


9 


Reactions with He 








rle. e — * li e -\- ze 


1 A 






38 


RC22A97d 


He~^ + e — > He + 7 


4 


RC23A97 


He+ + e ^ He++ + 2e 


5 


RC24GP98 


He++ + e ^ He+ + 7 


39 


RC25GP98 


He + H+ ^ He+ + H 


16 


RC26GP98 


He+ + H ^ He + H+ 


42 


RC27GP98 


He + H+ ^ HeH+ + 7 


27 


RC28GP98 


He + H+ ^ HeH+ + 7 


27, 16 


RC29GP98 


He + H+ HeH+ + H 


6 


RC30GP98 


He+ + H ^ HeH+ + 7 


42 


RC31GP98 


HeH+ + H ^ He + H+ 


15 


RC32GP98 


HeH+ + He + H 


41 


RC33GP98 


HeH+ + H2 + He 


23 



References. — (l)'Abcl ct al. (1997): (2) Adams & Smith (1981); (3) Adams & Smith (1985); (4) Aldrovandi & Pcquignot (19731; (5) 
IAMDIS (19891); (6)lBlacJi (1979); (7) DaiKarno & Lcpp (1987); (8) Uatz ct al. (1995); (9) I'lowcr & Harris {2U07) ;(10) Galh & Falla (1998Jj^ 
Til) Gcrhch (1982); (12) Gcrlich & Hornmg (1992); (13) Hcrbst (1982); (14) Jancv ct al. (1987); (15) Karpas ct al. (1979); (,16) Knnm-a et 
E (1993); (17) Larsson ct al. (1996); (18) Launay ct al. (1991); (19) Lcpp & ShuU (1984); (20) MacLow & Shull (1986); (21) Miclkc ct aT 
TO94); (22) Millar ct al. (1989); (23) Orient (1977); (24) Peart & Hayton (1994). (25) Peterson ct al. (1971); (26) Poulaert et al. (1978!; 

P?) Robcrge & Ualgarno (1982); (28) Saym (2UU2); (29) Savin ct al. (2U04); (30) Schneider et al. (1994); (31) Schulz & Asundi (19671; 
i32) Shayitt (1959); (33) Sidliu et al. (1992); (34) Standi ct al. (1993); (35) Stibbe & Tennyson (1999); (36) Stromholm ct al. (1995); (37) 
[Sun dstrom ct al. (1994); (38) ,Theard Huntress, l ,1974J ; (39) ,Vcrncr &: Fcrland, ( ,1996, ); (4U) ,Wishar, ( ,1979) ; (41) ,Yousit iVlitchcll, ( ,1989j ); 

(ITT jTIgelman eFai:[|f589) . 
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TABLE 2 

Rate coefficents for chemical reactions. 



Reaction rate {cm^/s) 


reaction 


rcf 


Reactions with D 






RC34A97 


D + D+ + 2e 


14 


RC35GP98 


D+ + e D + 7 


1 


RC36GP98 


D + //+ D+ + i? 


28 


RC37GP98 


D+ + 1/ ^ D + H+ 


28 




JJ -\- H H JJ -\- ^ 


19 




ly ^ n 2 ' -Ti -fi 


21 


-L V. v_J '-± W VJ ± iytj 


ff D+ -\- H ^ H'+ -1- WD 


15 


-L v. v_J '-± _L VJ J- C/ O 


n+ A- Hn ^ H+ -4- HD 


11 


RC42GP98 


HD + H^H2 + D 


32 


RC43GP98 


HD + H+ ^ H2 + D+ 


11 


RC44GP98 


HD + H+ H2 + H2D+ 


3, 22 


RC45GP98 


D + H+ ^ HD+ + 7 


10 


RC46GP98 


D+ + H ^ H D+ + 7 


10 34 




H D+ 4- p H 4- n 

11 j_y c 11 u 


36 




11 U -\- ii'2 — ' ii'2iJ "T" n. 


00 


RC49GP98 


TT 7^—1— 1 rr TT~\~ 1 

HD^ + H2 ^ + D 


38 


RC50GP98 


D + H+ ^ H2D+ +H 


3 


RC51GP98 


H2D+ + e^2H + D 


8, 17 


RC52GP98 


H2D+ + e^H2+D 


8, 17 


RC53GP98 


H2D+ + e ^ HD + H 


8, 17 


RC54GP98 


H2D+ + H2 ^ H+ + HD 


2, 22, 13 


RC55GP98 


H2D+ + H ^ H+ + D 


3 


RC76GA08 


D + H + H ^ HD + H 


9 


RC76Inv 


HD + H^D + H + H 


9 


RC77GA08 


D + H + HD HD + HD 


9 


RC77Inv 


HD + HD ^ D + H + HD 


9 



References. — (l)'Abel et aL^^Wf]; (2) 'Adams & Smith' (TgsT) ; (3) 'Adams & Smith' ('1985'); (4) 'Aldrovandi & Pequignot'lTgTSl); (5) 
IXMDIS (1989); (6) BlacJc (1979); (7) Dalgarno & Lcpp (1987); (8) Uatz ct al. (1995); (9) I'lowcr & Harris (2007) ;(10) Galh & Palla (1998]f: 
TTl )|Gerhch (1982); (12) Gcrhch & Hornmg (1992); (13) Hcrbst (1982); (14) Jancv ct al. (1987); (15) Karpas et al. (1979); (W] Knnura et 
[ar|(|i993h (17) Larsson ct al. (1990); (18) Launay ct al. (1991); (19) Lcpp & Biiuli (1984); (20) MacLow & Shull (19801; (21) Miclkc ct aT 
119941; (22) Millar ct al. (1989); (23) Orient (1977); (24) Peart & Hayton (1994). (25) Peterson ct al. (1971); (26) Poulacrt et al. (1978|; 
(27) Kobcrgc & Ualgarno (1982); (28) Savm (2002); (29) Savm ct al. (2004); (30) Schneider ct al. (1994); (31) Schulz & Asundi (1967|; 

f2) Shavitt (1959); (33) Si dhu et al..(.1992J; (34), Standi et ai.,(,1993i; (35),Stibbe Tennyson, a999J; (36 ) .Stromholm ct al.,(1995J; (37 ) 
mdstrom ct al. (1994): ( 38) [T'heard feUuntress) ; (39 j | VevneT fc l^'erland| |1996| ; (4U) | WisEar[ T [T979t ; (41) |Vousit CTTTTcEellpligSgl ) ; 
2) ,Zigclman ct al., ( ,1989, ). 



TABLE 3 

Rate coefficents for chemical reactions. 



Reaction rate (cm'^/s) reaction rcf 



Reactions with Li 






RC56GP98 


Z/i+ + e — > Li + 7 


8 


RC57GP98 


Li+ + H- ^ Li + H 


4 


RC58GP98 


Li- + H+ ^ Li + H 


4 


RC59GP98 


Li + e ^ Li~ + 7 


5 


RC60GP98 


Li + H+ ^ Li+ + H 


2 


RC61GP98 


Li + H+ ^ Li+ + H + ■y 


6 


RC62GP98 


Li + H- -* LiH + e 


7 


RC63GP98 


Li- + H LiH + e 


7 


RC64GP98 


LiH+ + H ^ LiH + H+ 


7 


RC65GP98 


LiH + H+ ^ LiH+ + H 


7 


RC66GP98 


LiH + H ^ Li + H2 


7 


RC67GP98 


Li+ + H ^ LiH+ + 7 


1 


RC68GP98 


Li + H+ ^ LiH+ + 7 


1 


RC69GP98 


LiH + H+ ^ LiH+ + H 


7 


RC70GP98 


LiH + H+ ^ Li+ + H2 


7 


RC71GP98 


LiH+ + Li + H 


7 


RC72GP98 


LiH+ + H ^ Li + H^ 


7 


RC73GP98 


LiH+ + H ^ Li+ + H2 


7 


RC78M05 


Li + H2^ LiH + H 


3 


RC79M05 


Li + H + H ^ LiH + H 


3 


RC80M05 


Li + H + H2 -> LiH + H2 


3 



References. — - (1) 
IRamsbottom et al.| ( [l99^ 



Dalg arno et al. l (|1996[); (2) |Kimura et al. | l|1994t ; (3) i M izus awa et al. l (l2005l); (4) i Pe art fc Haytonl (|1994[|; (5) 
\; (bj IStancil &: Zigelman]|7996| ; (7) [Stanc'l et al'| ( [l996| ; (8) | Verner FeH^ ( pMl T 



H2, HD and LiH cooling in primordial gas. 



TABLE 4 
Cooling processess. 



Cooling process (erg/ cm^ s) 



reaction 



rcf 



CoUisional ionization 
H 

CIIA 
CI2A 
CI3A 
He 

CI4A 
CI5A 
D 

CI6A 

Recombination 
H 

ReclA97 
He 

Rec4GP98r, 
Rec4A97d 
Rec5GP98d 
D 

Rec9GP98 

CoUisional excitation of 

CE1A97 

CE2GP98 

CE3A97 

CE4A97 

CE5GP98 

CE6GP98 

Bremsstralilung 

Compton cooling 



H + e ^ H+ + 2e 
H' + e ^ H + 2e 
H- + H -* 2H + e 

He + e^ He+ + e 
He+ + e ^ He++ + 2e 



D 



D+ + 2e 



He+ + e — > J^e + 7 
He++ + e ^ He+ +7 

D+ +e~* D + j 



H 

H2 

He 

He+ 

HD 

LiH 



1,2 

1,2,3 
3 

3 



2,1 
3 

2,1 
2,1 

3 

3 



References. — (l) |Abel et ar] ( |1997[ l; (2) |Black|fl981^ ; (3) |Galli fc Palla| l |1998| l; (4) |Peebles| | |1971| ; (5) |Verner fc Ferland| | [l996| . 
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TABLE 5 

Cross sections {a- a), ionization rates (IRa) and heatings (F^). 



OA {cm-' ) 
1Ka(S ) 


reaction 


rei 


H 






O-//1G107 














+ 7 ^ /f + + e 


8 


(T//2G107 






IRh2G107 






r/f2G107 


i?" + 7 ^ + e 


2 


o-hSGIO? 






IRhSGIOI 






r/f3G107 


H2+^^ H+ + e 


6 


IRhSGIOTp 






r/i^3G107p 


j-j.^ 1 / P ' 


4 


(T//G1407 






/iJH4G107 






r rrzinin? 


i?+ + 7 ^ //+ + 


3 


(th5A97 




5A97 






r//5A97 


+ 7 ^ 2_ff + + e 


11 


(TH^6A97 












t/"^ 1 ^ » -U f7 

7 ^ rl n 




He 






O-rr 70107 






IRa 7Gin7 






Vir 70107 


He + -y ^ He+ + e 


12 


fjTT 8AQ7 




i'-RHe8A97 






rjfe8A97 


+ 7 ^ _H'e++ + e 


7 














/J?£)9G107 








D 4- — > D+ + p 


g 






/-R13IOGI07 






r„inAQ7 


Hn+ -4- -y ^ H n+ 

j.± j_y y ^ jj j_y 


11 


(Tnll A97 




J. J. i. J_J -L J- V_Tll^ 1 






rDllA97 


HD+ + 7 ^ H+ + D 


11 


Li 






a Li 13RM 












rLil3RM 


Li + 7 — > Li+ + e 


10 


(T£il5Rams 






/-RijilSRams 






F/^ilSRams 


Li~ + 7 — > Li + e 


9 


TL.IGKD 






IRLilGKD 








Li_ff + 7 — > Li + iL 


5 



References. — (l)'Abel ct a.1.' (IWf]; (2)'de Jong' (HITS') ; (3)'Dunnl('T968l); (4)'Galli & Palla' ('1998') ; (5)'Kirby & Dalgarno' (rgTS*) ; (6) 
[O^Ncill & Rcinhardt (1978); (7) Ostcrbrock (1977); (8) OstcrbrocJi ( ,1989) ; (9) Ramsbottom ct al., ( ,1994J ; (lU) Rcilman &; Manson (1979} ; 
(TTj iShapiro Kangj |1987| ); (12) | Van et ai.| ( |1998| ). ' ' ' ' 



